Isothiocyanates, such as allyl isothiocyanate (AITC), benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC) and sulforaphane (SFN), are natural compounds abundant in cruciferous vegetables, which have substantial chemopreventive activities against various human malignancies. However, the mechanisms underlying the inhibition of tumor cell growth by isothiocyanates are not fully understood. Since autophagy has dual functions in cancer, in the present study we investigated the effects of BITC on autophagy induction in human lung cancer cells in vitro and in vivo. BITC ( , ip) for 8 weeks markedly suppressed the lung tumor growth, and significantly enhanced both autophagy and ER stress in the tumor tissues. Our results demonstrate that BITC inhibits human lung cancer cell growth in vitro and in vivo. In addition, BITC induces autophagy in the lung cancer cells, which protects the cancer cells against the inhibitory action of BITC; the autophagy induction is mediated by the ER stress response.
Introduction
Lung cancer is the most common cause of death in men and second only to breast cancer in women. There are 1.82 million new cases diagnosed and 1.6 million deaths annually [1] . Nonsmall-cell lung cancer (NSCLC) accounts for approximately 85% of all cases of lung cancer. NSCLC can be subdivided by histological type into adenocarcinoma, squamous cell carcinoma, large-cell carcinoma and others. Surgery, chemotherapy and radiation therapy are the major strategies for lung cancer treatment; however, the 5-year relative survival rate is approximately 15% [2] . Therefore, the development of novel anti-cancer drugs is urgently needed.
Autophagy is a process by which cells capture intracellular proteins, lipids and organelles and deliver them to autophagosomes. These autophagosomes fuse with lysosomes, and the sequestered contents are degraded. Autophagy serves as a cell survival mechanism, removing improperly folded proteins and acting as an alternative energy source [3] . Autophagy is involved in many pathophysiological processes, such as cancer, metabolic and neurodegenerative disorders, and cardiovascular and pulmonary diseases [4] . In cancer, the role of autophagy is complex and depends on tumor type, stage and genetic context. Autophagy has dual functions in cancer. It can act as a tumor suppressor by preventing the accumulation of damaged proteins and organelles. Alternatively, it can promote the growth of established tumors through intracellular recycling, which provides metabolic substrates [5, 6] . Isothiocyanates are natural compounds that are abundant in cruciferous vegetables such as broccoli, watercress and Brussels sprouts. Some isothiocyanates, such as allyl isothiocyanate (AITC), benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC) and sulforaphane (SFN), have been shown to have substantial chemopreventive activity against various human malignancies [7] . The mechanism of the isothiocyanate chemopreventive activity is thought to be associated with the inhibition of the metabolic activation of carcinogens by phase I enzymes (cytochrome P450 isozymes), and the increased excretion of carcinogens by inducing increased activities of phase II enzymes (quinone reductase and GSH S-trans ferases) [8, 9] . Numerous studies have also demonstrated the anticancer effects of isothiocyanates in various cancer types, such as leukemia [10] , breast cancer [11] , prostate cancer [12] and lung cancer [13] . Isothiocyanates suppress tumor cell growth by causing oxidative stress, inducing apoptosis, causing cell cycle arrest, and inhibiting angiogenesis [9] . However, the mechanism underlying the growth inhibitory effect of isothiocyanates against cancer is not fully understood.
Our previous studies showed that isothiocyanates suppress the metastatic potential of lung cancer cells [14] and induce apoptosis of lung cancer cells [13, 15] . In the present study, we investigated the effect of BITC on the induction of autophagy in lung cancer cells and the influence of autophagy on the inhibitory effect of BITC.
Materials and methods
Materials BITC, 3-methyl adenine (3-MA), acridine orange (AO), 4-phenylbutyric acid (4-PBA) and chloroquine (CQ) were purchased from Sigma-Aldrich Inc (St Louis, MO, USA). Cell culture medium and fetal bovine serum (FBS) were purchased from Life Technologies (Carlsbad, CA, USA). Rabbit antibodies against microtubule-associated protein 1 light chain 3 (LC3), ATG5, PERK, eIF2α and phospho-eIF2α were purchased from Cell Signaling (Beverly, MA, USA); the rabbit antibody against phospho-PERK was purchased from Santa Cruz Biotechnology (Dallas, TX, USA); the mouse monoclonal antibody against β-actin was purchased from Sigma-Aldrich; the secondary antibodies coupled to HRP were purchased from ZSGB-BIO (Beijing, China). pSELECT-GFP-LC3 was purchased from InvivoGen (San Diego, CA, USA).
Cell culture
The human lung cancer cell lines A549, SK-MES-1 and H661 were purchased from the American Type Culture Collection (Manassas, VA, USA). The A549 and SK-MES-1 cells were grown and maintained in DMEM, while the H661 cells were grown and maintained in RPMI-1640 medium. All cell lines were maintained at 37 °C and 5% CO 2 . The culture medium was supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 U/mL streptomycin.
Cell viability assay A549, SK-MES-1 and H661 cells were seeded at an initial density of 2×10 5 cells/mL and incubated with 0-40 μmol/L BITC for 48 h at 37 °C. Dimethylsulphoxide (DMSO) was used as vehicle control. Stock solutions of BITC (100 mmol/L) were prepared in DMSO and diluted in the growth medium such that the final concentration of DMSO did not exceed 0.05% (v/v), a concentration that did not induce toxicity in cells. The cell viability was determined by the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) following the manufacturer's instruction. The median inhibitory concentration IC 50 values were calculated using GraphPad Prism 5.0 software (La Jolla, CA, USA).
Detection of acidic vesicular organelles (AVOs)
AVOs were detected by acridine orange (AO) staining. A549, SK-MES-1 and H661 cells were plated in a 12-well plate at a density of 1×10 5 cells/well and treated with BITC for 24 h. The cells were stained with 1 μg/mL AO in PBS for 15 min at 37 °C, washed with PBS, and examined under a fluorescence microscope (Nikon, Tokyo, Japan) at ×100 magnification.
Detection of LC3 puncta formation LC3 puncta formation was assayed by pSELECT-GFP-LC3. The transfection was carried out using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instruction. Briefly, cells were plated in a 24-well plate at a density of 1×10 5 cells/well and transfected with 500 ng of pSELECT-GFP-LC3. Twenty-four hours later, the cells were treated with BITC for another 24 h. The punctate pattern of LC3 was observed by a fluorescence microscope at 100×magnification.
Measurement of intracellular Ca

2+
Cells were seeded at a density of 3×10 5 cells/well in a 6-well plate. The cells were stained with 5 μmol/L Fluo-3-AM (DOJINDO LABORTORIES, Kumamoto, Japan) for 30 min at 37 °C and then treated with BITC for 4 h. The level of intracellular Ca 2+ was detected by measuring the intensity of fluorescence using a FACSAria flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
Western blotting analysis Western blot analyses were performed as previously described [16] . Briefly, cells were incubated with BITC for 24 h and washed with PBS, and the cell pellets were then prepared in lysis buffer [20 mmol/L Tris (pH 7.5), 1% Triton X-100, 150 mmol/L NaCl, sodium pyrophosphate, β-glycerophosphate, leupeptin, EDTA, and Na 3 VO 4 ]. The lysates were separated by SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were blocked for 1 h at room temperature with 5% milk protein and 0.1% Tween 20 in PBS, and were then probed with the indicated antibodies at a 1:1000 dilution in 0.1% Tween 20 in PBS with 5% BSA overnight at 4 °C. After washing, the membranes were probed with an HRP-conjugated secondary antibody at a 1:5000 dilution in 0.1% Tween 
RNA interference
Cells (3×10 5 cells/well in a 6-well plate) were transfected with siRNA duplexes specific for the target genes at a concentration of 200 nmol/L using Lipofectamine 2000 (Invitrogen). After 6 h, the cells were treated with BITC and incubated for another 48 h. The expression of the target genes was examined by Western blot analysis. The sequences of a set of three siRNA duplexes for PERK were as follows: 1) Sense:
The sequences of a set of three siRNA duplexes for ATG5 were as follows: 1) Sense:
The siRNA duplexes were purchased from Genepharma (Shanghai, China).
Mouse tumor model and BITC treatment
Four-to five-week-old female BALB/c nude mice were purchased from the Cancer Institute of the Chinese Academy of Medical Science (Beijing, China). The use of the mice and their care during the study were in accordance with the Tianjin Medical University Institutional Animal Care and Use Committee guidelines. The mice in this study were maintained in a climate-controlled environment with a 12-h light/12-h dark cycle with food and water. A549-luc cells (an A549 cell line expressing luciferase that was established by our laboratory) were subcutaneously injected into mice. The mice were randomly divided into two groups (five mice per group) and treated with either BITC (100 mg/kg) or PBS by intraperitoneal injection. The treatment was continued for 8 weeks. Tumor formation was detected by an IVIS Imaging System (Xenogen Corporation, Alameda, CA, USA). The tumor tissues were dissected and used for immunoblotting.
Statistical analysis
The data are presented as the mean±standard deviation (SD). The variance analysis between groups was performed using a one-way ANOVA. The significance of differences between the control and treatment groups was analyzed using Dunnett's multiple comparison test. Differences with a P-value <0.05 were considered statistically significant.
Results
BITC treatment inhibited lung cancer cell growth
To study the effect of BITC on lung cancer cell growth, we chose three lung cancer cell lines representing different pathological subtypes, A549 (adenocarcinoma), SK-MES-1 (squamous cell carcinoma) and H661 (large cell carcinoma). The cells were treated with 1-100 μmol/L BITC for 48 h, and the cell viability was then assayed with a Cell Counting Kit-8. There was a dose-dependent inhibition of cell growth. The IC 50 values were 30.7±0.14 μmol/L for A549 cells, 15.9±0.22 μmol/L for H661 cells, and 23.4±0.11 μmol/L for SK-MES-1 cells ( Figure 1B ). When we compared the inhibitory effect of BITC in these three cell lines, we found that the inhibitory effect of BITC was most potent in H661 cells, least potent in A549 cells, and intermediately potent in SK-MES-1 cells.
BITC treatment caused autophagy in lung cancer cells Because many compounds may cause autophagy in different types of cells, we investigated the effect of BITC on the autophagy status of lung cancer cells. AVOs are a hallmark of autophagy. Using vital acridine orange (AO) staining, AVOs can be characterized by yellow-orange fluorescence. After being exposed to 0 to 20 μmol/L BITC for 24 h, lung cancer cells were stained with AO, and the formation of AVOs was analyzed using a fluorescence microscope. Figure 2A shows that the formation of yellow-orange AVOs was induced in all three cell lines in a dose-dependent manner and that the AVO formation was much lower in untreated cells. When we compared the basal level of autophagy in the three cell lines, we found that the highest level was observed in A549 cells and the lowest level was observed in H661 cells. The punctate pattern of LC3 is another hallmark of autophagy. Lung cancer cells were transfected with pSELECT-GFP-LC3, treated with 20 μmol/L BITC for 24 h, and then observed by fluorescence microscopy. As shown in Figure 2B , all three cell lines displayed a punctate pattern of LC3 after BITC treatment compared with untreated cells.
The accumulation of LC3-II is widely used for autophagy detection, and the expression level of LC3-II represents the level of autophagy. Our Western blot results showed that BITC induced the accumulation of LC3-II in both a dose-and time-dependent manner ( Figure 2C, 2D ). The accumulation of LC3-II appeared as early as 4 h and continued accumulating up to 24 h. The expression level of LC3-II increased with incubation time ( Figure 2D ). These data demonstrated that BITC induced autophagy in lung cancer cells.
Autophagy played a protective role Autophagy plays different roles in cell survival. It may promote cell survival; it can also cause cell death. To study the precise effect of autophagy on the inhibitory effect of BITC on lung cancer cells, we applied 3-MA, a commonly used specific inhibitor of autophagy and a known class III PI3K inhibitor, to address this question. First, we detected the inhibitory effect of 3-MA on BITC-mediated autophagy induction. After 2 h of pretreatment with 3-MA followed by BITC exposure, we found that the formation of AVOs in lung cancer cells was decreased ( Figure 3A) , the punctate pattern of LC3 was attenuated ( Figure 3B) , and the induction of LC3-II was inhibited ( Figure 3C ). These data indicated that 3-MA effectively inhibited the autophagy induced by BITC. To determine whether the increased expression of LC3-II is due to the production versus the accumulation of autophagosomes, we applied another autophagy inhibitor, chloroquine (CQ), which blocks the transition of autophagosomes to autolysosomes. Cells were pre-incubated with CQ for 1 h and then treated with BITC. Our data showed that cells treated with CQ did exhibit an increased expression level of LC3-II, demonstrating that the increase in LC3-II is caused by the production and not the accumulation of autophagosomes ( Figure 3D) .
Next, we determined the role of autophagy in the growth inhibitory effect of BITC. First, we inhibited autophagy using 3-MA. As shown in Figure 3E , the suppression of autophagy by 3-MA enhanced the growth inhibitory effect of BITC. Because ATG5 plays an important role in autophagy, we further silenced ATG5 by RNAi technology in A549 cells. When ATG5 was knocked down, the LC3-II level was decreased, and the inhibitory effect of BITC was increased ( Figure 3F, 3G) . Taken together, these results demonstrated that autophagy plays a protective role against the growth inhibitory effect of BITC in lung cancer cells.
BITC treatment induced endoplasmic reticulum stress
Accumulating evidence indicates that ER stress pathways are evoked by anticancer agents. To elucidate whether ER stress is involved in the inhibitory effect of BITC, we assessed the ER stress condition in lung cancer cells. One of the markers of ER stress is an increase in the cytosolic calcium level. The effect of BITC on the Ca + level in A549, H661, and SK-MES-1 cells was detected by flow cytometry using Fluo-3-AM. The Ca + levels in the lung cancer cells were markedly increased by BITC in a dose-dependent manner compared with DMSO treatment. When we compared the basal level of Ca + in the three cell lines, we found that the basal level of Ca + was highest in H661 cells and lowest in A549 cells ( Figure 4A ). PERK plays a central role in the ER stress response. When PERK is activated under ER stress, it phosphorylates and activates its target gene eIF2α. In our study, as shown in Figure 4B , the phospho-PERK levels in lung cancer cells were increased after BITC treatment, and the phospho-eIF2α levels were elevated accordingly. These results indicated that BITC induced ER stress in lung cancer cells.
ER stress mediated the autophagy induction by BITC
Many studies have indicated that ER stress is an inducer of autophagy. This drove us to evaluate whether ER stress mediates the autophagy induction by BITC. We manipulated the ER stress response using 4-PBA, an ER stress-specific inhibitor. As shown in Figure 4B , when ER stress was activated by BITC, autophagy occurred simultaneously, as indicated by LC3-II accumulation. When lung cancer cells were pretreated with 5 mmol/L 4-PBA for 2 h, the PERK phosphorylation level was suppressed, while the LC3-II level was decreased. To further explore the effect of 4-PBA on autophagy, we assessed the formation of AVOs and the punctate pattern of LC3. As depicted in Figure 5A , 2 h of pretreatment with 4-PBA resulted in a markedly reduced formation of AVOs, and the punctate pattern of LC3 was also attenuated ( Figure 5B ). Because PERK is a key component in the ER stress response, we knocked down PERK by RNA interference technology. Figure 5C shows that PERK knockdown reduced the expression levels of both phospho-eIF2α and LC3-II. Using 4-PBA treatment and PERK knockdown experiments, we demonstrated that the inhibition of ER stress suppressed autophagy induction. Because our previous results showed that autophagy played a protective role in cell growth in this study, we next detected the effect of 4-PBA on cell growth. Figure 5D indicates that due to suppressing ER stress and autophagy, 4-PBA further enhanced the inhibitory effect of BITC on cell growth. These data confirmed that the inhibition of ER stress suppresses the induction of protective autophagy. Taken together, our results strongly suggested that BITC induces protective autophagy in lung cancer cells through the ER stress response.
BITC inhibited A549 xenograft growth and induced autophagy and ER stress
In vivo studies are crucial for the investigation of anticancer agents; therefore, we designed animal experiments to evaluate whether BITC treatment inhibits lung tumor growth and causes autophagy. The body weights of control and BITCtreated mice were not significantly different throughout the experimental procedure (data not shown). Using in vivo imaging technology, we found that the average tumor signal of BITC-treated mice was 69.2% less than that of the control mice ( Figure 6A, 6B ). This result indicated that BITC effectively inhibited lung tumor growth in vivo. Next, we investigated the autophagy and ER stress status in tumors. The tumor tissues were dissected, and markers of autophagy and ER stress were detected by immunoblotting. There was a significant increase in the expression of the autophagy marker LC3-II, which indicated the elevated level of autophagy in the tumor tissues. Furthermore, the expression of the ER stress-related proteins PERK, eIF2α, and phospho-eIF2α were all increased, as shown in Figure 6C . These results demonstrated that the BITC-mediated suppression of A549 xenograft growth in vivo was accompanied by autophagy and ER stress.
Discussion
Our previous studies showed that BITC, PEITC and AITC inhibit leukemia and lung cancer cell growth [10, 13, 14, [17] [18] [19] . Numerous studies have also reported that BITC inhibits many other types of cancer cell growth, such as breast cancer [11] , prostate cancer [12] , and glioma [20] . Although mechanistic studies have shown that the anticarcinogenic activity of BITC may be due to the induction of apoptosis or cell cycle arrest, increased oxidative stress, or interference with cell survival signaling pathways, the precise underlying mechanism is not fully understood [9] . The present study provides the first evidence of autophagy induction by BITC in human lung cancer cells. Autophagy is a dynamic recycling system. The cytoplasmic materials are degraded in the lysosome to produce new materials and energy for cell survival and renovation [3] . Recent studies have shown that isothiocyanates induce autophagy in cancer cells. In breast cancer cells, BITC induces autophagic death via the FoxO1 pathway [21] . In pancreatic cancer cells, although SFN causes autophagy, the modulation of autophagy by the autophagy inhibitor chloroquine or inducer rapamycin did not alter SFN-mediated cytotoxicity [22] . However, the induction of autophagy in lung cancer cells by BITC has not been reported.
In the present study, by monitoring the formation of AVOs and the punctate pattern of LC3 and detecting the autophagy marker proteins LC3-II and ATG5 in BITC-treated lung cancer cells, we reveal that BITC induces autophagy in human lung cancer cells. The lung cancer cells we tested represent different pathological subtypes of lung cancer, including adenocarcinoma (A549 cells), squamous cell carcinoma (SK-MES-1 cells), and large cell carcinoma (H661 cells), giving our findings a more meaningful clinical significance.
Autophagy plays dual roles in cancer, acting as either a tumor suppressor or a tumor promoter. The autophagy induced by anticancer agents also plays controversial roles. Some agents induce pro-death autophagy. 6-Shogaol inhibits www.nature.com/aps Zhang QC et al Acta Pharmacologica Sinica breast cancer cell growth and induces autophagic cell death by modulating the Notch signaling pathway [23] . An andrographolide analog induces autophagy-mediated cell death in leukemia cells by inhibiting the PI3K/Akt/mTOR pathway [24] . SZC017, a novel oleanolic acid derivative, induces apoptosis and autophagy in human breast cancer cells via the oxidative stress pathway [25] . However, anticancer agents may induce cytoprotective autophagy. A study by Viola G et al shows that a new tubulin inhibitor, MG-2477, induces autophagy through the inhibition of the Akt/mTOR pathway and delays apoptosis in lung cancer cells [26] . The PI3K/mTOR inhibitor NVP-BEZ235 suppresses breast cancer cell growth. The inhibition of autophagy increases the proliferation inhibition and apoptosis induction mediated by NVP-BEZ235 [27] . The combinational treatment of gefitinib and chloroquine, an autophagy inhibitor, can overcome the acquired drug resistance in hepatoma carcinoma cells [28] . Hwang et al reported that the inhibition of autophagy enhances pemetrexed-and simvastatin-induced apoptotic cell death in malignant mesothelioma and non-small cell lung cancer cells [29] .
To understand the precise role of autophagy in BITC-treated lung cancer cells, we used 3-MA, a specific autophagy inhibitor. Pretreatment with 3-MA reduced the AO-stained acidic vesicles, the formation of the punctate pattern of LC3, and the accumulated LC3-II protein in BITC-treated cells, and more importantly, it enhanced the inhibitory effect of BITC on lung cancer cell growth. Because ATG5 plays an important role in autophagy, we also knocked down the expression of ATG5. The silencing of ATG5 also enhanced the inhibitory effect of BITC on cell growth. These data indicated that autophagy plays a cytoprotective role in our experimental model. The molecular mechanisms that regulate autophagy are not fully understood. The ER is a central intracellular organelle in the secretory pathway. It is responsible for protein folding, protein translocation, and protein post-translational modifications. ER stress is a collective name for perturbations in ER functions. It is a common feature triggered by a variety of conditions [30, 31] . In cancer, ER stress plays a very important role. Low oxygen supply, poor vascularization, nutrient deprivation and acidic pH may activate ER stress. ER stress exerts a cytoprotective role, assisting the folding of new proteins necessary for tumor growth. However, when ER stress becomes too severe or prolonged, the pro-survival function turns into a toxic signal, causing tumor cell death [30, 32] . In recent years, research has suggested that the ER stress response is linked to the autophagic response. ER stress may mediate autophagy induction [33, 34] . Accumulating evidence suggests that autophagy induction by some anticancer agents is mediated by ER stress. Saxifragifolin D, an oleananetype pentacyclic triterpenoid, induces autophagy in breast cancer through ROS-dependent ER stress [35] . α-Solanine is a glycoalkaloid, and it has been shown to induce ROS-mediated autophagy in a panel of human cancer cell lines through the activation of ER stress [36] . Lipopolysaccharide induces autophagic cell death through PERK-dependent ER stress in human lung cancer cells [37] . These findings prompted us to explore the ER stress status in BITC-treated lung cancer cells. The ER lumen is the main storage site of Ca
2+
. When Ca 2+ traffics into and out of the ER, it regulates diverse cellular responses and signal pathways responding to stress, including autophagy [30] . Studies have shown that when Ca 2+ is released from the ER, it stimulates a CamKK/AMPK-dependent pathway that inhibits mTOR from further inducing autophagy [38, 39] . We detected the levels of Ca 2+ , phospho-PERK and phospho-eIF2α, which are characteristic of ER stress. Our results indicate that BITC causes ER stress in lung cancer cells. Further experiments using the ER stress inhibitor 4-PBA and knockdown of PERK showed that the inhibition of ER stress attenuates autophagy induction by BITC and potentiates the inhibitory effect of BITC on lung cancer cell growth. Taken together, our data demonstrate that BITC-induced cytoprotective autophagy is mediated by ER stress through the PERK-eIF2α pathway (Scheme 1).
In conclusion, our study demonstrates that BITC inhibits human lung cancer cell growth and simultaneously induces autophagy in lung cancer cells, and this autophagy plays a cytoprotective role. Further investigation into the mechanism revealed that the activation of ER stress mediates the autophagy induction by BITC. Isothiocyanates are well-known anticarcinogenic agents. Our data reveal a novel mechanism for the chemotherapeutic property of BITC, and this may provide valuable information for its future application in cancer therapy.
